In the present paper we describe the results of a preliminary study of the paramagnetic resonance spectrum of spin-labeled horse hemoglobin in solution. Our results provide strong evidence that on oxygenation the A chains undergo a significant structural change near the "reactive" sulfhydryl group (f693), a change not yet resolved by X-ray diffraction.' We also find features in the paramagnetic resonance spectra of nitroxide-maleimide spin-labeled hemoglobin that appear to be closely related to observations by Benesch and Benesch2 (BB) on the inhibition of the Bohr effect by N-ethyl maleimide (NEM).
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Materials and Methods.-Horse hemoglobin was purchased from Calbiochem, 2 X crystallized, lot 62248. Fresh hemoglobin was obtained from defibrinated horse blood (W. T. Bennett Ranch Laboratory) according to the method described by Benesch and Benesch.3 Deoxygenation of the hemoglobin was effected by passing high-purity nitrogen over the stirred solution. Since the addition of a small excess of sodium dithionite yielded the same results, this more convenient and more effective method was used preferentially whenever feasible.4 The preparation of the nitroxide-maleimide I (N-( l-oxyl-2,2,5,5-tetramethyl-pyrrolidinyl)-maleimide) is described by Griffith and McConnell.'
Preparation of a mercurial spin label (II): One gm of sodium p-chloromercuribenzoate (PCMB) was converted to the acid chloride by refluxing with thionyl chloride for 30 min.6 The excess thionyl chloride was removed by washing with chloroform. The crude p-chloromercuribenzoyl chloride was dissolved in pyridine, 0.5 gm of 2,2,5,5-tetramethyl-3-carbamidopyrrolidine7 was added, and the mixture was refluxed for 10 min. The fine precipitate of NaCl was centrifuged off and pyridine removed by rotary evaporation. The All reactions with hemoglobin were carried out at 0WC in phosphate buffer at pH 6.8. Solid (I) or (II) was dissolved in the hemoglobin solutions by stirring and the excess removed by dialysis at 0WC. To monitor spectral changes due to reactions occurring immediately after mixing, it was necessary to use the undialyzed solutions.
Results.-The paramagnetic resonance spectrum of hemoglobin labeled with (II) corresponds to incomplete or weak immobilization of the spin with respect to the protein8 and is similar to that shown in Figure la . In the presence of excess of (II) a strongly immobilized component, similar to that in Figure lb , is observed. This corresponds to hydrophobic bonding of (II) to some unidentified region of the hemoglobin molecule; this strongly immobilized spin can be removed by dialysis, in contrast to the signal arising from the weakly immobilized spin which almost certainly arises from attachment of (II) to the reactive -SH at 393. The weakly immobilized signal is essen-DEOXYHEMOGLOSLI (8) Carboxypeptidase A, which splits the 13 chain between 1144 and 13145,11 converts the strongly immobilized spin attached to the -SH on 393 to a weakly immobilized spin.
Our conclusion that the strongly immobilized spin signal comes from attachment of (I) to -SH on i93 is based on our observation that a strongly immobilized spin signal is never obtained when HbO2 is treated with PCAMB (or with NEM) prior to reaction with (I). The crystallographic study12 of horse HbO2 showed conclusively that PCMB reacts specifically with the -SH on 1393. The ultimate reaction product of spin label (I) with Hb is seen to be different from the reaction product with HbO2, since the latter gives rise to a strongly immobilized spin and the former to a more mobile spin, even after subsequent oxygenation. We consider it likely that the two reaction products differ in covalent bond structure-i.e., in the two cases hydrolysis may take place at different C-N bonds on the ring attached to -S11. Observations (3) and (7) above show that the f3 chains must have different conformations in the vicinity of 193 in horse Hb and HbO2.
It is of interest to compare the foregoing results with studies of BB and others on the reaction of human hemoglobin with NEM.2 1314 To do so it is necessary to bear in mind that the maleimide in (I) is hydrolyzed very rapidly in water [cf. (1) above] compared to NEM which at pH 7, in the absence of catalysts, is stable in water nearly indefinitely on our time scale. This difference in reactivity is presumably due to steric strain introduced in the maleimide ring by the tetramethylpyrrolidine group. Just as in (3) above, Riggs13 finds that HbO2 reacts much faster than Hb with NEM. Similarly, BB find a subsequent reaction for NEM attached to HbO2 with a reaction time of half an hour [cf. (5) above]. BB do not find an hydrolysis reaction analogous to (4) above, and this we attribute simply to the relatively more rapid hydrolysis of (I). BB followed the reaction of NEM with hemoglobin by its modification of the Bohr effect. Indeed there is a striking parallel between the modification of the Bohr effect due to the secondary reaction of NEM attached to HbO2 and the strong immobilization of spin label (I) due to the secondary reaction of I attached to HbO2 [not the simple hydrolysis of (I) attached to Hb]. BB attribute the secondary reaction of NEM attached to HbO2 to a catalyzed opening of the imide ring, followed by the formation of a hydrogen bridge with the nitrogen of an imidazole. Precisely the same mechanism could very well lead to the immobilization of the spin label reported here.15 Acylation of imidazole associated with the opening of the imide ring is an alternative possibility. (One could refer to this as an "accidental" strong immobilization in contrast to "intrinsic" strong immobilization of spin-labeled substrates'6 at active sites in enzymes, as well as spin labels held by hydrophobic bonding to proteins and nucleic acids. 17) Imidazole rings that look like good candidates for this interaction are histidine ,197 (Benesch and Benesch'8) and, we suggest, histidine 13146. In the latter case the loss of strongly immobilized spin and the modification of the Bohr effect'9 after digestion of carboxypeptidase A are readily explained, since this enzyme removes ,(146 from hemoglobin. Our choice of (3146 was suggested by examination of drawings of the structure of horse HbO2 given by Perutz.20' 21 The evidently significant change in structure of the (3 chain in the vicinity of (393 doubtless has its origin in the proximity of the heme group, and oxygen-associated conformational changes within this group and/or the iron coordinated histidine (j392).
